Mountain ranges in the southern Rocky Mountains, fi rst uplifted during the early Cenozoic Laramide orogeny, have followed separate landscape evolutionary pathways in the late Cenozoic. We present a model that reconstructs the post-Laramide tectonic and geomorphic history of Sierra Nacimiento and the Taos Range, two nearly adjacent rift-fl ank ranges in north-central New Mexico that serve to illustrate the various processes shaping landscapes across the southern Rocky Mountains. The Sierra Nacimiento landscape refl ects the exhumation of hard Precambrian rocks from beneath a softer Phanerozoic sedimentary cover. The exhumation is continuous, but not steady, being driven by distal base-level fall. Downstream diverging river terraces in the Jemez River valley on the eastern fl ank of Sierra Nacimiento and late Pliocene to Holocene fl uvial deposits on the western Sierra Nacimiento piedmont document the base-level fall. The timing and contemporary rates of incision from these river systems suggest that exhumation is being propagated from south to north as knickzones work their way headward from the Rio Grande. In contrast, the Taos Range landscape refl ects alternating active stream incision and aggradation astride, and throttled by, an active range-front normal fault. The distinction between the exhumation-dominated and tectonic-dominated mountain front is best quantifi ed by analyses of fi rst-order stream gradients and a watershed metric we call the drainage basin volume to drainage basin area ratio (R va ). Gradients of fi rst-order streams in the exhumation-dominated Sierra Nacimiento have a mode of 6.8 degrees, signifi cantly less than the 17.7 degrees obtained from a comparable data set of Taos Range fi rstorder streams. The distinct stream gradient and R va populations hint at an important change in the processes shaping hillslopes and low-order channels, which is supported by the lack of slope-clearing landslides in the Sierra Nacimiento landscape and the presence of such landslides in the Taos Range. Analogue and numeric models fi nd that steep, rugged, faceted topography associated with tectonically active mountain fronts like the Taos Range can only be produced and maintained by creep and landslides where the sediment fl ux scales as a power law with respect to average hillslope or low-order channel gradient. Here, the fi ngerprint of active tectonics is recorded by both high R va values and steep modal channel gradients. By comparison, the Sierra Nacimiento landscape is shaped primarily by creep where the sediment fl ux has a linear relationship to average hillslope and low-order channel gradient. In this situation, the signatures of distal base-level fall are low R va values and relatively gentle modal channel gradients. † Present address:
INTRODUCTION
The geomorphic evolution of mountain fronts has been used to interpret the processes and rates of tectonic deformation (reviewed in Keller and Pinter, 2001; Burbank and Anderson, 2001 ). Topographic metrics including mountain front linearity (Bull and McFadden, 1977) , slopes, alluvial fault scarps and facets (Menges, 1990a; dePolo and Anderson, 2000) , valley excavation (Harbor, 1997) , and alluvial fan geometry (Ferrill et al., 1996) , among others, are the core data utilized in mountain front studies. In this context, there is a growing appreciation for the confounding effects of processes other than offset along the range-front fault, including changes in climate, infl uences of variably resistant lithologies, and regional base-level fall, which contribute to the shapes and forms of mountain fronts (Ellis et al., 1999) . Additionally, it is now better appreciated that the fl ux of sediment off of hillslopes does not necessarily scale linearly with respect to slope (cf. Culling, 1960) , especially in steep, tectonically active settings (Kirkby, 1984; Anderson, 1994; Howard, 1994; Brozovic et al., 1997; Densmore et al., 1998; Roering et al., 2001; Montgomery and Brandon, 2002) , making it diffi cult to interpret the evolution or isolate the tectonic component of land- countered by seismic quiescence (Sanford et al., 1991; House and Hartse, 1995) and restriction of offset Quaternary deposits to the southernmost terminus of the range-front fault (Baltz, 1967; Formento-Trigilio and Pazzaglia, 1998; cf. Machette et al., 1998) . This leads to the overall conclusion that the mountain front is instead being exhumed as softer Phanerozoic sedimentary rocks are stripped off a resistant Precambrian core. The Taos Range, in comparison, is located on the eastern fl ank of the Rio Grande Rift, marking the northern boundary of the uplifted rift fl ank in northern New Mexico (Fig. 1 ). It is a rugged footwall uplift bound to the west by a clearly active range-front fault and actively subsiding hanging-wall basin (Menges, 1990a) . Mountain front linearity and landforms ( Fig. 2B ) correlate well with the frequency of late Pleistocene and Holocene ruptures along the range-front fault, which stands as a model for fault segmentation in extending regions of western North America (Menges, 1990a ). An early history of Laramide and early Rio Grande Rift footwall uplift has been largely overprinted by a Pliocene-Quaternary pulse of rapid uplift and subsequent footwall incision.
The goal of the comparison between the Taos Range and Sierra Nacimiento is to quantify the topographic metrics and geomorphic processes that distinguish a mountain front that continues to be uplifted along an active range-front fault (Taos Range) from one that is being erosionally exhumed (Sierra Nacimiento). The comparison provides data supporting numeric models that argue for divergent mountain front landforms as a function of a hillslope sediment fl ux law that scales either linearly or as a power function with respect to mean hillslope gradient (Densmore et al., 1998; Roering et al., 2001) . We expand the applicability of such model results to observations of low-order stream channels and suggest a channel gradient threshold consistent with the erosional processes occurring on the hillslopes.
GEOMORPHOLOGY OF TECTONICALLY ACTIVE MOUNTAIN FRONTS
Landforms in tectonically active areas exhibit characteristic topographic metrics (e.g., steeper slopes, greater relief, and Figure 2 . Three-dimensional views of 30-m-resolution hill-shaded digital elevation models (DEM) of Sierra Nacimiento and the Taos Range. Locations of the ranges are shown by white rectangles in Figure 1 . (A) Sierra Nacimiento. Note the linear range front, change in the east-west extent of the range from south to north, and the faceted spurs extending from the mountain front westward into the San Juan Basinerosional dissection) that help distinguish them from tectonically quiescent settings (Bull and McFadden, 1977) . Mountain front metrics that tend to be relatively sensitive to broad ranges in the rate of footwall uplift include escarpment sinuosity, the valley fl oor width to valley height ratio (Bull and McFadden, 1977) , hypsometry (Strahler, 1952; Pike and Wilson, 1971; Ohmori, 1993) , and mean hillslope gradient.
Linear mountain fronts tend to be correlated with footwall uplifts where offset on the range-front fault is rapid enough to inhibit drainage basin elaboration (widening) and subsequent embayment of the growing escarpment. Such mountain fronts are typically accompanied by seismicity and an exposed fault cutting Quaternary deposits. These mountain fronts exhibit widely spaced, sharp, triangular facets terminating upward to truncated spurs. Sediment eroded from the escarpment accumulates in basins on the subsiding piedmont as steep, short alluvial fans (Bull, 1984) .
In contrast, strongly embayed mountain fronts are typically associated with an inactive range-front fault. The mountain front lacks sharp, triangular facets and instead has closely spaced, linear drainages that elaborate considerably into the dissected uplift. Sediment liberated from the escarpment spreads out as thin, broad alluvial fans extending into the axis of the slowly or nonsubsiding basin (Bull, 1984) . The inactive range-front fault is commonly buried by sediment fi lling the mouths of canyons.
Coupled landscape evolution-tectonic models (Densmore et al., 1998) , analogue models (Bonnet and Crave, 2003; Lague et al., 2003) , and space-for-time substitution fi eld studies (Harbor, 1997) provide insight into the topographic development of mountain front escarpments under the infl uence of variable rates of tectonic uplift. A threshold or critical hillslope gradient, above which landsliding becomes the dominant process transporting sediment off of hillslopes, is an important component of numeric models that generate realistic-looking landscapes Slingerland, 1994, 1996; Kooi and Beaumont, 1996; Densmore et al., 1998) . Parameterizing hillslope sediment fl ux to both nonlinear hillslope creep and threshold-dominated landsliding in steep terrains represents a major improvement in model depictions of real landscapes over those parameterized to route sediment proportional to a linear transport law (diffusion only). Results from Densmore et al. (1998) are particularly pertinent to our investigation, because their model generates visually distinct, end-member escarpments when hillslope processes are represented as a transport law that scales linearly with mean hillslope gradient or becomes nonlinear for gradients above a predefi ned threshold. The former case produces a mountain front that resembles, to a fi rst order, Sierra Nacimiento ( Fig. 2A) , and the latter produces topography that is similar to most mountain fronts bounded by an active normal fault, including the Taos Range (Fig. 2B) .
Although the impressive relief of Sierra Nacimiento and the linearity of the mountain front are similar to many other Laramide ranges in the southern Rocky Mountains, neither metric is related to active uplift along a range-bounding fault (Leonard and Langford, 1994; Leonard, 2002) . If such landforms can result from nontectonic processes or alternatively, persist as the result of tectonic processes long dead, then a clear problem exists in the application of simple landform metrics or a landscape evolution model to interpret contemporary tectonic activity.
SETTING
The mountains of northern New Mexico are part of the southern Rocky Mountains. They were constructed by crustal shortening and regional uplift associated with the late Cretaceous-Eocene Laramide orogeny, and subsequently by a major north-south-oriented Neogene rift (Rio Grande Rift), which has structurally inverted the former Laramide highland within a broader epeirogenically uplifted topographic swell (Eaton, 1986) . Climate in northern New Mexico was semiarid and seasonal throughout the Neogene, much like the modern-day climate (Tedford, 1981; Tedford and Barghoorn, 1999) . At the onset of the Pleistocene, high-amplitude, glacial-interglacial climate cycles ensued, and the climatic regime oscillated between wetter, cooler glacial periods and effectively drier and warmer interglacial periods. Glacial climates are thought to be times of depressed seasonality and greater effective precipitation delivered mainly in the form of increased snow pack (Thompson, 1991; Reneau, 2000) . Interglacial periods are typically viewed as times when there is a northerly shift in the jet stream, and there is a return to a drier, warmer climate with increased seasonality and delivery of precipitation in the summer as intense convective storms (Pendall et al., 1999; Reneau, 2000; Dethier, 2001 ).
Sierra Nacimiento
Sierra Nacimiento is cored by Mesoproterozoic crystalline rocks that were uplifted and deformed during the Ancestral Rocky Mountain and Laramide orogenies along a steeply eastward-dipping reverse fault (Woodward, 1987; Pazzaglia et al., 1999) . Ash-fl ow tuffs and associated volcaniclastics of the Abiquiu Formation were deposited across the range during a period of extensive volcanic activity in the Oligocene and early Miocene (Church and Hack, 1939; Vazzana and Ingersoll, 1981; Ingersoll et al., 1990; Moore, 2000) , and today cover parts of a low-relief surface at the range's northern crest (Figs. 1 and 2A) . The unconformity buried by the Abiquiu Formation is typically considered part of the broader Rocky Mountain erosion surface (Gregory and Chase, 1994; Chapin and Kelley, 1997) . It is tilted 3°-7° to the east and lies at 3300 m, an elevation higher than its source, suggesting post-Laramide rift-fl ank deformation associated with opening of the Rio Grande Rift (Church and Hack, 1939; Eaton, 1986; Woodward, 1987; Formento-Trigilio and Pazzaglia, 1998) .
The range is ~10-16 km wide, ~80 km in length, and has ~1 km of relief along its western escarpment, the majority of which is concentrated across an inactive fault separating resistant rocks of the Precambrian core and easily erodible, syn-Laramide sediments of the San Juan Basin (Woodward et al., 1972; Woodward, 1996) . The northern half of the range cooled during the Eocene and preserves an apatite fi ssion-track (AFT) partial annealing zone. The total unroofed section in this part of the range is ~4.4 km, with surface uplift and rock uplift of ~2.1 km and ~6.5 km, respectively (Pazzaglia and Kelley, 1998) . The block that forms the southern portion of the range, in contrast, is narrower in width, does not preserve the Rocky Mountain erosion surface or the partial annealing zone (Figs. 3A, 3B , and 3C) and has late Eocene to early Oligocene fi ssion-track cooling ages, indicating that total exhumation and rock uplift in the range increases toward the south (Pazzaglia and Kelley, 1998; Formento-Trigilio and Pazzaglia, 1998) .
The Sierra Nacimiento piedmont has a cover of late Tertiary-Quaternary alluvium and travertine, related to the axial (along-strike) Rio Puerco drainage system and its range-front tributaries, which unconformably overlie and are inset into tilted early Cenozoic and Mesozoic sedimentary rocks (Woodward, 1987; Formento-Trigilio and Pazzaglia, 1998; Frankel, 2002) . The sub-Abiquiu unconformity at the northern end of the range represents the headwaters of an ancestral drainage system called the Rio Chacra, stemming from a time when base level was higher than present, and from which, the modern, master drainage of the eastern Colorado Plateau, the Rio Puerco, has evolved McCann, 1936, 1938) . There is no evidence for glaciation of Sierra Nacimiento during the Pleistocene, although some periglacial features are present at the highest elevations (Reneau, 2000) .
Taos Range
The Taos Range, like Sierra Nacimiento, has a Proterozic origin, followed by Ancestral Rocky Mountain and Laramide deformation, and late Cenozoic uplift along the Rio Grande Rift fl ank. The core of the range is composed of Precambrian crystalline rocks that have been intruded and overlain by Oligocene igneous rocks associated with a caldera (Lipman and Reed, 1989) . Apatite fi ssion-track data indicate late Cenozoic rift-fl ank footwall uplift and erosion at rates between 0.14 and 0.28 mm/yr (Pazzaglia and Kelley, 1998) .
The range is bound to the west by an active, west-dipping, segmented normal fault (Menges, 1990a) . The mountain front rises steeply some 1400 m above the San Luis basin fl oor (Figs. Figure 1 . The difference between the maximum and minimum elevation profi les for each plot is the average amount of incision and relief in that region. The southern and central parts of both ranges have large amounts of incision. In contrast, the northern part of each range is characterized by relatively little incision. The change in range-front relief along Sierra Nacimiento is attributed to a wave of exhumation propagating from south to north. The increase in relief from north to south in the Taos Range mountain front is the result of an increase in fault offset and rock uplift in the same direction.
3D, 3E, and 3F). It is distinctly faceted and dissected by westfl owing, deeply incised drainages that terminate as alluvial fans spilling onto the San Luis basin piedmont. The largest drainages and fans are developed at the segment and subsegment boundaries. Fan metrics, such as area and slope, correlate with the area and slope of their contributing basins (Pazzaglia, 1989) . Offset along each segment increases from north to south on a fault beginning as a single feature in the south that splays, steps basinward (west), and decreases in offset to the north. As a result, the range is broken into several blocks, each one tilting to the north. This segmentation is most obvious along the northern 35 km of the range front, designated segment 1 (subsegments 1a, 1b, and 1c; Menges, 1990a) , and is the part of the range we use in this study ( Fig. 2B) . At least 700 m of post-middle Pliocene offset has occurred along subsegment 1c (in the south) in comparison to ~200 m of offset over the same period of time in subsegment 1a (in the north). Surface uplift of the mountain front since the middle Pliocene is known from the correlation of the tops of faceted spurs to a basalt fl ow uplifted in the northernmost portion of the range and dated at 4.3 Ma. Fault-slip rates based on the offset basalt fl ows range from 0.12 to 0.23 mm/yr (Menges, 1990a) , which correspond well with long-term footwall uplift rates (Pazzaglia and Kelley, 1998). Regional base level for the Taos mountain front is defi ned by the Rio Grande, which has incised 250 m into basin-fi ll basalt and axial-stream sediments in the center of the San Luis basin. Larger tributaries, such as the Red River and Rio Hondo, have integrated with the Rio Grande and are also deeply incised, exposing the piedmont facies of the basin fi ll. In contrast, the basins draining segment 1 are not yet integrated into the Rio Grande and grade to the elevation of the San Luis basin as local base level.
The Taos Range experienced minor glaciation in the Pleistocene (Richmond, 1962) . However, most of the cirque orientations show that it was the eastern rather than western portion of the range crest that was glaciated. There was little to no glaciation in the headwaters of the largest basins draining the west-facing escarpment along segment 1.
METHODS AND RESULTS

First-Order Stream Gradients
Gradients of fi rst-order channels were measured in the Taos Range and Sierra Nacimiento following a methodology similar to that of Merritts and Vincent (1989) , who demonstrated a clear infl uence of the rate of uplift on low-order channel gradients. First-order channel gradients of both the range block and ~5 km of adjacent piedmont were extracted from 10-m-resolution digital elevation models (DEM) using Arc/Info (Table 1 ). The channels were defi ned by a fl ow accumulation threshold with a drainage area of 0.025 km 2 . This resulted in a subsequent ordering of the entire drainage basin stream network, similar to that which would be obtained from standard 1:24,000 scale topographic maps (Pazzaglia, 1989) . First-order channel long profi les were extracted from the DEM at 4.5 m increments, and these data were parsed using a FORTRAN code to calculate a gradient based on the minimum and maximum elevations in the long profi les. Each channel gradient value was spatially positioned as a point datum at the location of the channel head. The point gradient data were then contoured by fi tting a least-squares polynomial trend surface that allows for a smooth fi t through data with a large variance (Figs. 4A and 4B). Repeated analyses using different drainage area thresholds for defi ning a fi rst-order channel and variable amounts of piedmont versus mountain front areas show that there is little change in the general shape of the resulting trend surfaces.
The channel gradient contour map of Sierra Nacimiento (Fig.  4A ) is dominated by rather uniform gradients (~0.1) throughout the central part of the range. There is a sharp decrease in channel gradient to the south coincident with the narrowing of the range and the progressive loss of hard Precambrian rock types. Channel gradient increases to the north, which coincides with the widening of the range, and a greater amount of exposed resistant rock types. Contours in the north bend in response to steeper gradients in the granitic core of the range with respect to those developed directly to the west on the softer piedmont rock types. Channel gradient contours for the Taos Range (Fig. 4B ) are signifi cantly different than what is observed for Sierra Nacimiento. Channel gradients here increase from north to south along the mountain front-consistent with the established notion that displacement of the footwall block increases to the south. However, there is also a notable bend in the contours in subsegment 1c. Here the steepest channel gradients are at the mountain front, with shallower fi rst-order stream gradients in the interior of the block. Channel gradients in the Taos Range are highest where the range is the highest in elevation, widest in east-west extent, and has the largest amount of fault offset.
Overall, the fi rst-order channel gradients in the Taos Range are higher than those found in Sierra Nacimiento drainage basins (Fig. 5) . The mode of channel gradients in the Taos Range is 0.32 (17.7°), compared to 0.12 (6.8°) for Sierra Nacimiento. Both data sets have a skewed distribution with more frequent low-gradient, fi rst-order channels; however, the Taos data are nearly bimodal. Modal distributions are in part affected by separate populations of piedmont versus range-front channel gradients. We view this as a small effect on the overall distribution because (1) the contours are generally oriented orthogonal, rather than parallel to the mountain front, and (2) analysis of the range only, excluding the piedmont, reproduced a similar bimodal distribution. . Histogram of fi rst-order stream gradients for Sierra Nacimiento (black) and the Taos Range (gray). The mode of fi rst-order stream gradients in Sierra Nacimiento is 0.12 (6.8º), in contrast to the Taos Range, where the mode of fi rst-order stream gradients is 0.32 (17.7º).
The difference in fi rst-order stream gradients is a function of the processes occurring at the respective mountain fronts where low modal gradients are associated with erosional exhumation and tectonically active ranges are characterized by high modal gradients.
Drainage Basin Volume-Area Ratio
A drainage basin volume to planimetric drainage basin area ratio (R va ) is proposed as a key metric to quantify the morphologic differences between a landscape that has experienced continuous base-level fall concentrated at a range-front fault as opposed to one that has experienced either base-level stability or base-level fall from a distal source. R va is crudely equivalent to basin hypsometry (Strahler, 1952; Pike and Wilson, 1971) , or the valley fl oor width to valley height ratio (Bull and McFadden, 1977) , and its change through time, as a drainage basin initiates and grows, has a physical basis in observed drainage basin evolution analogue models (Schumm and Parker, 1973; Ouchi, 2002; Bonnet and Crave, 2003; Lague et al., 2003) . The R va has an advantage over simple drainage basin volume calculations in that it is normalized to basin area, allowing for more direct comparison of different sized basins. R va also removes the subjectivity of defi ning the distance to a mountain front, as well as valley widths, from topographic maps, as in the traditional valley fl oor width to valley height ratio (Bull and McFadden, 1977) . In addition, R va encapsulates hillslope and fl uvial processes acting over the entire drainage basin instead of only a discrete cross-sectional area.
Volume and area are calculated by constructing envelope maps of the topography from high-resolution (10 m) digital elevation data using Arc/Info (Frankel, 2002) . First, individual drainage basins are extracted from the DEM by defi ning the catchment outlet at the range front. The 10-m-resolution DEM of each individual drainage basin is then resampled to 100 m. A maximumelevation envelope map is produced from the resampled data by interpolating a surface between local maximum elevations in a circular moving window with a 5 km radius. This allows the envelope maps to be pinned to the watershed divide and cover the maximum elevations within each drainage basin. Next, the maximum elevation maps are resampled back to 10 m resolution, so that the original 10 m topography can be subtracted from the envelope surface. Subtracting the original DEM from the maximum elevation envelope map produces a topographic residual map from which area and volume data can then be obtained for individual drainage basins (see GSA Data Repository material for complete methodology 1 ). R va shows quantifi able differences between erosionally exhumed and tectonically active range fronts (Table 1) . Sierra Nacimiento R va values are relatively low (74-109 m, mean 88 m) compared to those for basins draining the Taos Range (89-180 m, mean 140 m). R va covaries linearly with channel gradients (r 2 = 0.73; Fig. 6 ), with greater variance in Sierra Nacimiento compared to the Taos Range mountain front. There are four data that fall off the regression line of Figure 6 . All of these data come from small, very steep watersheds with trunk channels that do not extend back to the main drainage divide of the respective ranges.
R va varies systematically with respect to location along the Taos mountain front (Fig. 7A ), but shows a high variance along Sierra Nacimiento (Fig. 7B) . For the Taos Range, R va increases from north to south, among fault subsegments and the range front as a whole, consistent with the known offset gradient along the range-front fault.
Piedmont Stratigraphy and Mountain Front Deposits
Sierra Nacimiento
Surfi cial deposits extend west onto the Sierra Nacimiento piedmont, unconformably overlying and inset into sedimentary rocks of the San Juan Basin. These deposits range from thin colluvial hillslope mantles to thick alluvial packages of fi ning-upward bed sets to travertine deposits, and are not offset by the rangefront fault anywhere north of Arroyo Peñasco (Formento-Trigilio and Pazzaglia, 1998; Frankel, 2002) . These deposits, which were previously described and mapped as Quaternary and Tertiary terrace and pediment alluvium (QTtp) by Woodward et al. (1970) and Woodward (1987) deep, narrow valleys. Sierra Nacimiento hillslopes are covered nearly everywhere by a thin (<1 m) grus-rich regolith. Slumps, landslides, and related slope failures are uncommon.
Taos Range
The Taos Range piedmont is dominated by alluvial fans composed of three middle Pleistocene-Holocene lithostratigraphic units (Qf1-Qf3) that conformably overlie a thick, proximal, basin-fi ll deposit called the Lama formation (Pazzaglia and Wells, 1990 ; GSA data repository [see footnote one]). The Lama formation is a crude, but thicker, lithostratigraphic equivalent to the Ancha and Tuerto formations of central New Mexico, and the Veguita Blanca formation on the Sierra Nacimiento piedmont. The Taos Range piedmont contrasts strongly with that of Sierra Nacimiento because of the accommodation space produced by subsidence of the hanging-wall basin against the range-front fault. Except for local fan-head trenching, the Taos piedmont is not incised. Alluvial fan deposits exhibit both inset as well as stacked alluvial stratigraphy. Taos Range hillslopes bear a combination of bedrock, regolith, and landslide deposits and landforms (Menges, 1990b) .
River Incision
Sierra Nacimiento
River terrace and piedmont deposit elevations have been assembled into a data set indicating the distribution and rate of Pleistocene incision in and around Sierra Nacimiento. Nine Quaternary terraces have been mapped along the Jemez River (Rogers, 1996; Formento-Trigilio, 1997; Formento-Trigilio and Pazzaglia, 1998; Frankel and Pazzaglia, 2002; Ault and Pazzaglia, 2004 ; Fig. 8) , a large perennial drainage fl owing from north to south on the eastern fl ank of the range. These terraces range in age from 1.6 Ma for QTg1, which underlies the lower Bandelier Tuff, to middle Holocene (3160 ± 60 to 4530 ± 40 radiocarbon yr B.P.) for Qt7 (Formento-Trigilio and Pazzaglia, 1998; Frankel and Pazzaglia, 2002) . The ages of Qt1 (610 ka) and Qt5 (60 ka) are well known because of the presence of dated tephra and volcanic clasts, respectively.
Jemez River terraces diverge downstream (cf. FormentoTrigilio and Pazzaglia, 1998), consistent with downstream baselevel fall and upstream knickpoint retreat along the Jemez channel (Fig. 8) . The Jemez valley was more or less uniformly incised following emplacement of the upper Bandelier ash-fl ow tuff from 1.2 Ma to Qt1 time at a rate of ~0.3 mm/yr. Since Qt1 time, incision has both slowed and been concentrated in the lower and middle portions of the valley below valley distance 40 km, where the rate has been ~0.17 mm/yr.
In comparison, a single dated alluvial terrace on the northern Sierra Nacimiento piedmont indicates a local rate of incision into the Leche formation of 0.22-0.32 mm/yr (Frankel, 2002) . Similarly, the Rio Puerco in the same area is argued to be incising at a rate of ~0.2 mm/yr (Slavin, 1991) . The southern Sierra Nacimiento piedmont is likely being incised at a comparatively Plot showing the along-strike change in the drainage basin volume to drainage basin area ratio (R va ) for the Taos Range and Sierra Nacimiento. (A) Change in R va versus distance from north to south along the Taos Range. R va increases from north to south along fault segment 1 and within fault subsegments 1a, 1b, and 1c (Menges, 1990a) of the range front in conjunction with increasing elevation, fault offset, and rock uplift. (B) R va versus distance from north to south along the Sierra Nacimiento range front. No correlation exists between R va and the distance along the range front for Sierra Nacimiento. Location of drainages is shown in Figure 2 . Error bars represent 2σ standard errors for R va values.
exhumation in both their landscape position on the piedmont and in their sedimentology and stratigraphy. Three new formations in order of decreasing age, the Veguita Blanca formation, the Leche formation, and the Laguna Bonita formation were defi ned (Frankel, 2002 ; GSA data repository [see footnote one]). The older deposits dominate the southern Sierra Nacimiento piedmont, where they occupy wide interfl uves of broadly incised inverted topography. The younger deposits dominate the northern piedmont, where they are vertically stacked and locally incised by slower rate, as suggested by the age and proximity to base level of the Veguita Blanca formation as well as the long-term erosion rate of 0.04 mm/yr (Hallet, 1994; Formento-Trigilio and Pazzaglia, 1998) .
Taos Range
River incision in the Taos Range has been reconstructed for the mountain front using the relative elevation of the uplifted middle Pliocene basalt and accordant faceted spurs. The range front is being incised at rates ranging from ~0.05 mm/yr in the northern subsegment (1a) to ~0.2 mm/yr in the southern segment (1c). These rates, which are being driven directly by footwall uplift, are similar, but genetically unrelated to the rate of piedmont incision of the Red River and its tributaries (~0.15 mm/yr), which is being driven by base-level fall and incision of the Rio Grande. Piedmont incision north of the Red River, and distal to the mountain front, is zero or even negative (aggradation), as these streams have not yet been fully integrated to the Rio Grande. The general pattern of erosion for the Taos Range and its piedmont is rapid incision in the uplifting footwall block and locally in the proximal alluvial fans, slow or no incision on the distal piedmont, where streams are not integrated to the Rio Grande, and at about the rate of Rio Grande incision for piedmont regions that are well integrated to large Rio Grande tributaries.
DISCUSSION
Geomorphic Processes on Erosionally Exhumed and Tectonically Active Mountain Fronts
We use the R va metric, fi rst-order channel gradients, piedmont stratigraphy, and mountain front geomorphology to construct a model for landscape evolution that contrasts the geomorphic processes shaping active footwall uplifts (Taos Range) to those shaping erosionally exhumed mountain fronts (Sierra Nacimiento). The Taos Range mountain front experiences coseismic base-level fall associated with active slip on the rangebounding normal fault. Streams draining the mountain front are directly connected to that base-level fall, and they transmit the signal effi ciently and rapidly to their tributaries and contributing hillslopes. Streams in the Taos Range are incising at the long-term rate of footwall uplift, a fact strongly supported by the adjustment of fi rst-order channel gradients to fault segments of known, variable slip histories. Together with high R va values and a mean relief (Fig. 3) , which also correlates well with the alongstrike variation in fault displacement (Fig. 7) , we suggest that hillslopes in the Taos Range are also well coupled to the rate of incision and the rate of rock uplift. The presence of landslides in the Taos Range supports the notion of comparatively steeper hillslopes with respect to Sierra Nacimiento, which are largely devoid of landslide scars and deposits.
The base-level fall shaping Sierra Nacimiento is tens of kilometers distant from the mountain front and is likely propagated through the landscape as one or more migrating knickzones. The result of this propagation is to stretch the base-level fall signal along the entire range front and piedmont, leading to overall lower gradients of fi rst-order streams. The steepest fi rst-order channel gradients are located in the northern part of the range where it is the widest, has the lowest relief (Fig. 3) , and there has been the least amount of long-term exhumation (Fig. 4) . These apparently contradictory data can be reconciled if we make the reasonable assertion that the base-level fall signal fi rst propagates through the fl uvial system, but is delayed in its coupling with the adjoining hillslopes. In this case, landscape response times are slow.
Data from numeric landscape evolution models support our qualitative model for divergent landscape evolutionary pathways, even though a specifi c quantifi cation of the hillslope processes of the studied mountain fronts is beyond the scope of this paper. Densmore et al. (1998) of hillslopes was fi xed to a simple linear creep (diffusion) equation, or to a linear creep equation plus a separate bedrock landsliding rule, which allowed for advective (nonlinear) removal of material from hillslopes. Model simulations that do not consider landsliding produce a model mountain front (Densmore et al., 1998, their Fig. 7 ) very similar to the gross topography of Sierra Nacimiento ( Fig. 2A) . Likewise, the model that allows for landsliding based on a probabilistic rule such that bedrock landslides are possible at any slope angle generates a mountain front morphology (Densmore et al., 1998, their Fig. 5 ) similar to the Taos Range (Fig. 2B) .
The Volume-Area Ratio and Landscape Evolution of Mountain Fronts
Topographic differences between Sierra Nacimiento and the Taos Range are the result of the degree of tectonic activity along the respective range fronts. The erosional volume of material removed from drainage basins on the fault-bounded side of a mountain has been shown to be proportional to the rate and amount of fault offset and the degree of escarpment degradation (Harbor, 1997) . In this sense, R va links normalized erosion to the length of time that the mountain front has been exposed to erosion (Fig. 9) . Drainage basin evolution in an uplifting mountain front begins with an early phase of incision by steep, short streams (Glock, 1931; Parker and Schumm, 1982) . The immature drainage basin will have a small erosional sediment fl ux out of the system over a small basin area, resulting in a low R va (point 1 on Fig. 9 ). Continued incision follows as rock uplift persists and the drainage basin elongates (point 2 on Fig. 9 ). The basin increases in volume, but not much in planimetric area, leading to a relatively high R va . As the drainage basin elaborates, it begins approximating a steady-state condition in terms of relief, mean elevation, and fl ux of material in and out of the system, such that it is no longer growing in area or volume (point 3 on Fig. 9 ). At this point, the erosional sediment fl ux out of the basin is maximized with respect to the drainage area (Horton and DeCelles, 2001) , and streams and hillslopes should have reached their maximum gradients. However, if catchment growth is self-similar, R va will not converge to a common steady-state value. When rock uplift ceases, interfl uves will start to lower. This results in a decrease in drainage basin volume with little to no change in drainage basin area and marks the beginning of an exponential decay in R va through time (point 4 on Fig. 9 ).
These hypothesized changes in R va over time are supported by recent studies involving experimental landforms and the effect of landscapes to climate change and tectonic uplift (Bonnet and Crave, 2003; Lague et al., 2003) . These analogue models show that mean elevation increases exponentially until it asymptotically approaches a steady-state before undergoing a similar exponential decay as uplift ceases. Bonnet and Crave (2003) also showed that with increased uplift rates comes increased drainage basin denudation. Similarly, the two drainage basins within the Taos Range that are located along the portion of the mountain front with the largest fault offset, Jaracito Canyon and El Rito Canyon, have the highest R va values (180 ± 10 m) in the study area (Table 1 ). This suggests that the erosional fl ux of sediment out of the drainage basin is large with respect to the drainage area in this region.
Along-strike variations in R va for the Taos Range may be linked to fault displacements along the range-front fault. Differences in slip rates along strike, across strike, and through time are a function of how normal fault arrays grow. Individual segment displacements and the original length of the segments are key factors in determining the along-strike variation in slip rate. As the fault system grows, faults may be become inactive as fault segments link. However, slip rates and fault displacement will increase toward the center of the fault array due to a positive feedback between strain accumulation and fault displacement. The central segments of a fault zone can accumulate strain faster than the fault tips due to repeated fault rupture and healing, leading to more earthquakes and higher slip rates in the middle of the array (Cowie and Roberts, 2001 ). The R va data mimics this increase in strain and displacement rate toward the center of the fault array at the boundary between segments 1 and 2 in the Taos Range (Fig. 7A) . Thus, we feel that it is not unreasonable to view R va and the evolution of drainage basins as proxies for relative strain rate and fault displacement along a range front. Here, a small volume of material has been removed over a small area from the drainage basin, and R va is relatively low. 2-continued uplift and incision. A large amount of material has been removed from the drainage basin over a relatively small area, and R va is increasing. 3-waning tectonism and elaboration of the drainage network. By this time, a large volume of material has been removed over a relatively large area. This position represents a system in fl ux steady state where R va will be highest. 4-cessation of tectonic activity and lowering of interfl uves in a decaying mountain range. In this case, a moderate volume of material has been removed from the largest possible area, and R va will be low. The R va values in the Taos Range fall between points 2 and 3 on the theoretical curve and increase from north to south. The R va values for Sierra Nacimiento fall between points 3 and 4 on the decay portion of the curve and show no systematic variation with respect to position along the range front. See text for complete discussion.
Base-Level Fall and Exhumation of Sierra Nacimiento
Sierra Nacimiento data are consistent with a regional, distal base-level fall and the continued propagation of that base-level fall signal through the landscape (Garcia et al., 2003) . River incision is propagating up-valley, through knickzone retreat, on the Jemez River, as documented by downstream diverging terraces (Fig. 8) . The Rio Grande, the regional base-level control for both of these rivers, has been incising through rift basin fi ll for at least 1 m.y. (Mack et al., 1996) . The cause of this axial stream incision is poorly known. It may be related to a change in regional uplift with respect to the Rio Grande Rift, a change in discharge and discharge characteristics related to Quaternary climate, or alternatively, may be driven by the decrease in volcanogenic sediment supply to the axial drainage system. Sierra Nacimiento is lowest in elevation, narrowest in eastwest extent, has the highest relative relief, and has the lowest fi rst-order stream gradients in its southern and central parts (Figs. 3 and 4) . Here, tributary piedmont streams of the Rio Puerco have reached, or have nearly reached, their base level of erosion. In essence, the regional base-level fall signal has been effectively transmitted through this part of the landscape. Stream gradients in the central part of the range have reached a relatively uniform value of 0.1 despite a complex juxtaposition of resistant and less-resistant rock types. The landscape position and ages of Quaternary deposits west of the Sierra Nacimiento mountain front indicate that generally, there are higher rates of river incision along the northern half of the piedmont, toward the headwaters of the Rio Puerco and its tributaries. The highest rates of incision along the Jemez River and Rio Puerco should occur where a knickzone persists; the rivers will continue to erode at a slower, long-term rate once the knickzone passes upstream. Piedmont incision began in the southern and central portions of the range in the late Pliocene or early Pleistocene (Frankel, 2002) , an age constrained by nearby volcanic necks that were intruded into formerly extant San Juan Basin sedimentary rocks (Hallett, 1994; Hallett et al., 1997) , as well as by the estimated age of the Veguita Blanca formation.
In contrast, the northern part of Sierra Nacimiento is just beginning to experience the effects of Rio Grande base-level fall and subsequent range-front exhumation. Stream gradients in this part of the mountain front are relatively high (>0.1; Fig. 4 ), the range stands high and wide, and very little dissection of the northern part of the range has occurred (Fig.  3) . Channel gradients differentiate between a steeper population on the resistant rocks and more gentle population on the erodible rocks in the northern part of the range and piedmont (Fig. 4) . Channel gradient contours on the piedmont are shifted northward with respect to the hard rocks of the range. This is precisely the pattern that would be expected from a wave of northward-propagating incision that is currently experiencing resistance to its propagation in the hard Precambrian rocks, but little hindrance in the soft sedimentary rocks of the San Juan Basin. Sierra Nacimiento exhumation is infl uenced by the middle Pleistocene base-level fall related to Rio Grande incision, superimposed on a longer-term base-level fall resulting from the location of the range on the fl anks of the Rio Grande Rift and Jemez caldera (Karlstrom et al., 2002) . The wave of exhumation is a combination of both base-level falls; the latter helping explain the fi ssion-track data and preservation of the Abiquiu Formation, and the former being responsible for more recent incision in the south and steep fi rst-order channel gradients in the north. It is impossible to know the morphology of any individual knickpoint at its place of origin as it began propagating northward. Regardless of the initial shape or rate of base-level fall, the current zone of incision stretches across at least 10 km and spans ~180 m of relief. The rate of knickpoint retreat is poorly constrained and should be a focus of future work in the region.
One consequence of the northward-migrating wave of exhumation is that the axial Rio Puerco is free to slip westward, away from the range front, and progressively incise into the sediments of the San Juan Basin. The axial channel of the Rio Puerco is located further west in the southern part of the basin, where the exhumational wave is thought to have largely passed, but is closer to the mountain front in the north where incision of tributary streams is most active. The westward shift of the Rio Puerco is fostered by the general westward tilt away from the range front, a possible fl exural response linked to erosional unloading of the rift fl ank and Jemez caldera infl ation. Entrenchment of the Rio Puerco as a long, nearly linear stream fl owing in a strike-parallel valley is controlled by its adjustment to the outcrop belt of soft Cretaceous shale. The result of this westward shift of the riftfl ank drainage has been to produce accommodation space for the deposition of Quaternary deposits, such as the Veguita Blanca, Laguna Bonita, and Leche formations. The thickness of these deposits is consistent with the limited accommodation space in the absence of an active range-front fault.
The implications of this regional base-level fall on the landscape evolution of Sierra Nacimiento support an emerging model where much of the rugged topography in the southern Rocky Mountains can be explained by slow exhumation of a Tertiary landscape by streams responding to slow, but persistent base-level fall throughout the late Cenozoic. The inference that Sierra Nacimiento is not being exhumed at the same rate everywhere, but rather in a decidedly south to north pattern, supports our assertion that a base-level fall signal was introduced into the landscape since Jemez River terrace Qt1 time. This landscape has long response times, complicated by local rock type and regional climatic effects. Recent studies in the northern Rockies (Zaprowski et al., 2001) , the High Plains (Leonard, 2002; Wisniewski and Pazzaglia, 2002) , and Colorado Plateau (Pederson et al., 2002) support both time-transgressive and long landscape response times to regional base-level fall, which are probably locally enhanced by fl exural response to erosional unloading (Small and Anderson, 1998; McMillan et al., 2002; Leonard, 2002) or heat-fl ow-related uplift (Karlstrom et al., 2002) . It is not known how the results of these knickzone migration studies scale to the entire orogen, but a reasonable extrapolation would suggest that global processes, such as late Cenozoic eustatic fall, or major rearrangement of drainage patterns due to glaciation would take millions if not tens of millions of years to propagate into the interior of the Rocky Mountains. This view allows for late Cenozoic epeirogeny to have increased the mean elevation of the Rocky Mountains (Pazzaglia and Kelley, 1998; McMillan et al., 2002) and climate change to have increased the erosional effi ciency of streams (Dethier, 2001) ; however it is the propagation of base-level fall signals that ultimately limits the rate and processes of landscape evolution.
CONCLUSIONS
Here, we summarize our model for two divergent landscape evolution pathways, which includes the stream gradient data, the R va data, and the fi nal topographic expression of the mountain front (Fig. 10) . The initial landscape in the lower-middle part of the diagram was produced by syn-Laramide uplift and erosion. The primary control on the divergent topographic histories of Sierra Nacimiento and the Taos Range is attributed to the different post-Laramide base-level fall processes. More detailed investigations, such as landslide inventories, hillslope gradients, and measured sediment fl uxes, are needed to directly validate our model. However, our current data sets, combined with existing numeric and analogue models provide a measure of mutual validation and quantitative criteria for distinguishing an exhumed, tectonically dead mountain front from one that is truly tectonically active.
This paper distinguishes the landforms and processes by which two different ranges have evolved with respect to their tectonic setting, one that is no longer tectonically active (Sierra Nacimiento) and one that continues to experience offset along a range-bounding fault (the Taos Range). Sierra Nacimiento and the Taos Range share a common origin as Laramide uplifts, but have since diverged in their landscape evolution, leading to different topographic expressions because of the different ways that base level has fallen for each range. We have proposed a conceptual model supported by topographic metrics and fi eld relationships, which explains the diverse aspects of post-Laramide landscape evolution in the southern Rocky Mountains.
Mountain ranges that are not bound by an active range-front fault, such as Sierra Nacimiento, and have experienced a distal base-level fall, tend to have slow landscape response times. In this setting, hillslope and fi rst-order stream gradients will be low, with stream gradient values generally less than 0.2. Sierra Nacimiento, our case example, has a landscape decaying in terms of mean elevation and mean local relief, where the mean R va is 88 m. The Jemez River, on the east fl ank of Sierra Nacimiento, has incision rates of 0.17 mm/yr over the past 610 k.y. in its southern Figure 10 . Landscape evolutionary pathways of an erosionally exhumed versus a tectonically active range front. In the erosionally exhumed case (left side of diagram), there is an initial period of uplift followed by tectonic quiescence. Stream gradients and R va values initially increase and then begin to decrease as uplift comes to an end. The reduction in stream gradients will cause a decrease in sediment fl ux and the response time of the drainage system to be slow. This results in a range front similar in morphology to Sierra Nacimiento. Alternatively, a range front controlled by an active fault (right side of diagram) will experience continued rock uplift through time. Stream gradients and R va will initially increase in response to uplift until they reach a steady-state value, where they will remain as long as uplift and erosion are equal. In this case, stream gradients will remain steep, the sediment fl ux will remain high, and the response times of the drainage basin will remain fast, resulting in a range front with a similar morphology to the Taos Range. and middle portions, which decrease upstream. This middle to late Pleistocene incision is driven primarily by distal base-level fall of the Rio Grande. Piedmont incision on the west side of Sierra Nacimiento is consistent with this documented baselevel fall signal propagating northward as a wave of exhumation through the range and surrounding piedmont. The knickzone responsible for exhumation is currently positioned in the northern part of the range where stream gradients are highest. Stream gradients in Sierra Nacimiento are lowest in the areas through which the knickzone has already passed. In summary, Sierra Nacimiento is being exhumed by a south-to-north propagating knickzone responding to Pleistocene Rio Grande incision superimposed on late Cenozoic epeirogenic warping of the western fl ank of the Rio Grande Rift and Valles caldera. The Taos Range, in contrast, has experienced repeated base-level lowering events directly along its mountain front in response to motion on an active range-bounding normal fault. Hillslope and fi rst-order stream gradients are high, with values consistently greater than 0.2 along the most active fault segments. Consequently, hillslopes have a relatively short response time. Interfl uves are high standing and drainage basins have high R va values, averaging ~140 m, which correlate with the increase in fault offset and rock uplift from north to south along the range front. The R va data mimic the increase in strain and displacement rates toward the center of the fault array at the boundary between segments 1 and 2 in the Taos Range. Consequently, the R va and the evolution of drainage basins may be reasonable proxies for strain rate and fault displacement along a range front.
